To identify critical events associated with heat-induced cell killing, we examined foci formation of ␥H2AX (histone H2AX phosphorylated at serine 139) in heat-treated cells. This assay is known to be quite sensitive and a specific indicator for the presence of double-strand breaks. We found that the number of ␥H2AX foci increased rapidly and reached a maximum 30 minutes after heat treatment, as well as after X-ray irradiation. When cells were heated at 41.5°C to 45.5°C, we observed a linear increase with time in the number of ␥H2AX foci. An inflection point at 42.5°C and the thermal activation energies above and below the inflection point were almost the same for cell killing and foci formation according to Arrhenius plot analysis. From these results, it is suggested that the number of ␥H2AX foci is correlated with the temperature dependence of cell killing. During periods when cells were exposed to heat, the cell cycledependent pattern of cell killing was the same as the cell cycle pattern of ␥H2AX foci formation. We also found that thermotolerance was due to a depression in the number of ␥H2AX foci formed after heating when the cells were pre-treated by heat. These findings suggest that cell killing might be associated with double-strand break formation via protein denaturation.
INTRODUCTION
Hyperthermia is widely used to treat patients with various cancers. However, the molecular mechanisms involved in heat-induced cellular responses are still unknown. For example, it has not yet been determined whether the critical event in heat-induced cell killing involves double-strand breaks (DSBs) or operates via other mechanisms. One possibility that has been suggested is that proteins and lipids are the major targets for heat-induced cell killing (1) . Thermoresistance (2) and thermotolerance (3) are acquired when heatlabile proteins are protected by heat shock proteins. The enhancement of radiosensitization by heat (4) and the existence of an inflection point in Arrhenius plots of cell killing after exposure to heat (5) may indicate that heat-induced denaturation and damage to proteins are critical in heat-induced cell killing. Heat-induced protein denaturation results in the disruption of centrosome-dependent mitosis (6) and multiple nuclear matrix-dependent functions [e.g., DNA replication, DNA transcription, mRNA processing, and DNA repair (7)]. Another possible target involved in cell killing is cellular DNA because it has been reported that heat induces structural alterations and strand breaks in chromatin DNA. Many investigators have reported that cellular DNA strand breaks are detected in heat-treated cells using alkaline elution methods (8) , alkaline unwinding methods (9) , in situ nick translation methods (10) , and pulse-field gel electrophoresis methods (11) . However, these conventional physical methods are not sensitive enough to clarify the relationship between cell killing and DSBs after heat treatment. Hence, DNA strand break formation was considered to be just a component or part of the pathway of events leading to heat-induced cell killing. For the technical reasons noted above, it was almost impossible to show differences in the biological effects of heat-and radiation-induced DSBs.
Recently, the measurement of focus formation of ␥H2AX (histone H2AX phosphorylated at serine 139) has attracted considerable attention because this method provides quite sensitive and specific signals indicating the existence of DSBs. There are many reports showing a direct correlation between the number of DSBs and ␥H2AX foci (12, 13) . The work reported here was designed to clarify the relationship between DSBs and cell killing (temperature-and cell cycle-dependent cell killing and the effect of thermotolerance) after heat treatment, and we examined foci formation of ␥H2AX in heat-treated cells using immunocytochemical analysis with anti-␥H2AX antibody. We discuss possible mechanisms of heat-induced DSB formation.
MATERIALS AND METHODS
Cells. H1299 (human non-small-cell lung carcinoma p53-deficient) cells were provided by Dr. M. Oren (Weizmann Institute of Science, Rehovot, Israel). H1299 cells were cultured in DMEM-10 [Dulbecco's modified Eagle's medium containing 10% (v/v) fetal bovine serum, 20 mmol/L 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid, penicillin (50 units/mL), streptomycin (50 g/mL), and kanamycin (50 g/mL)]. The cells were cultured at 37°C in a conventional humidified CO 2 incubator.
Hyperthermia and Irradiation. Exponentially growing cells were immersed in a water bath (Thermominder EX; Taitec Co., Ltd., Saitama, Japan) maintained at a constant temperature. X-ray irradiation (1.0 Gy/min) was administered with a 150-kVp X-ray generator (Model MBR-1520R; Hitachi, Tokyo, Japan). Under the present experimental conditions, no marked change in pH value was detected in the medium during the treatment.
The Neutral Single-Cell Electrophoresis (Comet) Assay. Neutral comet assay was performed using the CometAssay kit (Trevigen Inc., Gaithersburg, MD). Briefly, exponentially growing H1299 cells (10 5 ) were suspended in 1 mL of DMEM-10 and heated at 45.5°C or exposed to X-rays. The treated cells were resuspended immediately in 1 mL of ice-cold PBS. A 50-l aliquot of this suspension was mixed with 0.5 mL of prewarmed 1% low melting point agarose, and 75 L were pipetted immediately onto a CometSlide. The slide was kept at 4°C for 10 minutes. The slides were then immersed in prechilled lysis solution [2.5 mol/L sodium chloride, 100 mmol/L EDTA (pH 10), 10 mmol/L Tris base, 1% sodium lauryl sarcosinate, and 1% Triton X-100] at 4°C for 30 minutes. After washing with neutral Tris-borate EDTA buffer, slides were then subjected to electrophoresis for 20 minutes at 1 V/cm. After electrophoresis, slides were stained with 1:10,000 diluted SYBR Green in SlowFade reagent (Molecular Probes, Eugene, OR). It has been reported that SYBR Green improves the resolution and sensitivity of the comet assay, particularly for measuring DSBs (14) . Nuclei were visualized under a fluorescence microscope (Olympus BX51; Olympus Optical, Tokyo, Japan) with an IB filter (Olympus Optical). The images of nuclei were captured using a charge-coupled device camera (Penguin 150 CL; Pixera Co., Los Gatos, CA) and analyzed with the Youworks Imaging Technology Software trial version (Youworks Co., Tsukuba, Japan). For each sample, 50 randomly chosen cells were scored for tail moment (15) . Relative tail moments in heat-treated cells or X-ray-irradiated cells were calculated with respect to those in untreated cells. Three independent experiments were performed for each point.
Western Blotting Analysis. Exponentially growing cells were cultured in 25-cm 2 flasks. Lysates from heated or irradiated cells were prepared as described previously (16) . Aliquots of 10 g of proteins were subjected to Western blotting analysis. After electrophoresis on 15% polyacrylamide gels containing 0.1% SDS, the proteins were transferred electrophoretically onto Histologic Study of Histone H2AX Phosphorylation. Exponentially growing cells were grown on slide glass (S-2111; Matsunami Glass Industrial, Ltd.; Osaka, Japan). After treatment, the cell preparations were fixed with cold methanol for 20 minutes and with acetone for 7 seconds, dried, blocked with 3% skim milk in PBS for 10 minutes, and washed in TPBS (PBS containing 0.05% Tween 20) . The cells were incubated with anti-phospho-H2AX monoclonal antibody at a 300-fold dilution for 60 minutes at room temperature; washed with TPBS; incubated with a fluorescein isothiocyanate, AlexaFluor 488-conjugated antimouse IgG second antibody (Molecular Probes) at a 400-fold dilution for 60 minutes at room temperature; and washed in TPBS. The slides were stained and mounted with 1 g/mL propidium iodide (PI) in Antifade (Molecular Probes). Photographs of the cells were taken with a fluorescence microscope (Olympus BX51, Olympus Optical) under a U-MWIB filter (Olympus Optical). To allow direct comparisons, all of the images were captured using the same parameters. We observed ␥H2AX foci with anti-␥H2AX antibody (green fluorescence) and the nuclei with PI (red fluorescence). For quantitative analysis, foci were counted by imaging analysis of the microscopic images obtained using a ϫ40 objective lens. For each sample, cell counting was performed until at least 20 cells were registered. Three independent experiments were performed for each point.
Colony Forming Assay. Cell survival was measured using a standard colony forming assay. Three flasks were used, and three independent experiments were repeated for each survival point. Colonies obtained after 10 days were fixed with methanol and stained with 2% Giemsa solution. Microscopic colonies composed of more than approximately 50 cells were counted as surviving cells. Equation and variable defined and set were fitted by the single-hit multitarget model: S/S 0 ϭ 1Ϫ(1Ϫe Ϫ T/T0 ) n , where S/S 0 is the surviving fraction, T is the heating period (in minutes), T 0 is the mean lethal heating period (in minutes), and n is the number of targets. The parameters n and T 0 were calculated using KaleidaGraph (Synergy Software, Reading, PA).
Cell Synchronization. After serum starvation for 28 hours, G 1 -synchronized cells were cultured in fresh medium for 28 hours. Then, the mitotic cells in the supernatant medium were collected by centrifugation. The mitotic cell pellet was dispersed in fresh medium.
Flow Cytometry. After treatment, the cells were fixed with cold 70% methanol and kept at Ϫ20°C for up to 2 weeks before analysis. Cells were centrifuged and rinsed with TPBS. The cells were blocked with rabbit serum for 15 minutes at room temperature and rinsed with TPBS. The cells were incubated with anti-phospho-H2AX monoclonal antibody (JBW301; Upstate Biotechnology) at a 300-fold dilution for 60 minutes at room temperature; rinsed with TPBS; incubated with a fluorescein isothiocyanate, AlexaFluor 488-conjugated anti-mouse IgG second antibody (Molecular Probes) at a 400-fold dilution for 60 minutes at room temperature; and rinsed in TPBS. Cell cycle distribution was assayed by determining DNA content. For determination of DNA content, cells were fixed with cold 70% methanol. The cells were incubated for 30 minutes at room temperature with 1 mg/mL RNase and 50 g/mL PI. Before flow cytometric analysis, samples were filtered through a 35-m nylon mesh. Samples were analyzed using a flow cytometer (Becton Dickinson, San Jose, CA).
RESULTS
Analysis of Heat-Induced Double-Strand Breaks Using the Neutral Comet Assay. We analyzed chromosomal DSBs using the comet assay under neutral conditions in H1299 cells exposed to heat or X-rays. Typical comet images of untreated, X-ray-irradiated (30 Gy), and heat-treated cells (45.5°C, 180 minutes) are shown in Fig.  1A . In cells irradiated with 30 Gy, comet tail formation was observed clearly. In cells heated at 45.5°C for 180 minutes, the tail appeared longer than that in controls, and more DNA was observed in the tail when compared with untreated cells. The comet tail moments of heat-treated (45.5°C, 60 minutes) and X-ray-irradiated (10 Gy) cells both increased after treatment (Fig. 1B) . The tail moment of X-rayirradiated cells increased linearly in a dose-dependent manner between 0 and 30 Gy, and the tail moment of heat-treated cells was slightly increased after 60 minutes of incubation at 45.5°C. Fig. 1 . DSB analysis by neutral comet assays and ␥H2AX staining. A, typical images of neutral comet assays immediately after exposure to X-rays or heat treatment (45.5°C). B, the tail moments of cells exposed to different heating periods and radiation doses. Tail moments in X-ray-irradiated cells and heat-treated cells relative to those in untreated cells are shown. C, density of ␥H2AX bands with Western blot analysis. H1299 cells were treated with X-rays (3 Gy) or heat (45.5°C, 20 minutes) and then fixed at different time periods after treatment. D, photographs of ␥H2AX foci. E, the average number of ␥H2AX foci after treatment with X-rays (3 Gy) or heat (45.5°C, 20 minutes). F, focus formation of ␥H2AX at 30 minutes after treatment. U, untreated. Error bars, SD.
Focus Formation of ␥H2AX by Heat. To clarify the effects of heat on the phosphorylation of histone H2AX, Western blot analysis and immunocytochemical analysis were performed in human H1299 non-small-cell lung carcinoma cells. The phosphorylation of H2AX was detected not only in X-ray-irradiated cells but also in heat-treated cells (Fig. 1C) . The phosphorylation of H2AX in X-ray-irradiated cells increased linearly in a dose-dependent manner over the range of 0 to 30 Gy, and the phosphorylation of H2AX in heat-treated cells also increased up to 60 minutes during incubation at 45.5°C and then reached a plateau during additional incubation. These results were quite similar to the results seen with neutral comet analysis. Formation of ␥H2AX foci was observed not only in X-ray-irradiated cells but also in heat-treated cells. Typical photographs of radiation-or heatinduced ␥H2AX foci are shown in Fig. 1D . When H1299 cells were irradiated with X-rays, a linear increase of ␥H2AX foci formation was also observed in a dose-dependent manner at 30 minutes after X-ray irradiation (Fig. 1E) . The slope of the curve of the number of ␥H2AX foci as a function of irradiation dose (Gy Ϫ1 ) was 30.8 (r ϭ 0.999). When H1299 cells were irradiated with X-rays, a linear increase of ␥H2AX foci formation was also observed in a dose-dependent manner at 30 minutes after X-irradiation (Fig. 1E) . The slope of the curve of the number of ␥H2AX foci as a function of irradiation dose (Gy Ϫ1 ) was 30.8 (r ϩ 0.999). When H1299 cells were heated at 45.5°C, a linear increase of ␥H2AX foci formation was observed in a heating time-dependent manner when measured at 30 minutes after heat treatment (Fig. 1E) . The slope of ␥H2AX foci/heating period (min Ϫ1 ) was 4.825 Ϯ 0.095 (r ϭ 0.998) at 45.5°C. After heat treatment, cells were cultured for different periods. The average number of ␥H2AX foci 30 min after X-irradiation (3 Gy) and after heat-treatment (45.5°C, 20 minutes) was 95.8 Ϯ 3.9 and 99.6 Ϯ 1.5, respectively (Fig.1F) . The number of ␥H2AX foci was observed to increase rapidly and reach a maximum at 30 minutes after X-ray irradiation (3 Gy) or at 30 minutes after heat treatment (45.5°C, 20 minutes).
Foci Formation of ␥H2AX at Various Temperatures and after Different Heating Periods. When H1299 cells were heated at 41.5°C to 45.5°C, a linear increase of foci formation of ␥H2AX was observed in a heating time-dependent manner ( Fig. 2A) . The same incubation period was required to reach maximum foci formation after heat treatment, regardless of the heating temperature (data not shown). The slopes of the curves of ␥H2AX foci/heating period (min Ϫ1 ) were 0.082 Ϯ 0.001 (r ϭ 0.999) at 41.5°C, 0.225 Ϯ 0.005 (r ϭ 0.997) at Fig. 2A) .
Survival versus Temperature and Heating Period. Survival curves after heating at various temperatures (41.5°C to 45.5°C) and for different heating periods are shown in Fig. 2B . The heat sensitivity and the T 0 value decreased as the heating temperature increased. The values of T 0 (in minutes K; Fig. 2C ). We observed an inflection point at 42.5°C in the Arrhenius plot of ␥H2AX foci formation and cell killing. Based on the Arrhenius plots, the activation energies of cell killing were estimated to be 643 Ϯ 13 kJ/mol (r ϭ 0.982) above the inflection point and 1,130 Ϯ 103 kJ/mol (r ϭ 0.994) below the inflection point (42.5°C). The energies of ␥H2AX foci formation were estimated to be 655 Ϯ 3 kJ/mol (1,087 Ϯ 5 fJ/focus; r ϭ 0.999) above the inflection point (42.5°C) and 1,301 Ϯ 81 kJ/mol (2,160 Ϯ 134 fJ/focus; r ϭ 0.997) below the inflection point (42.5°C). From these results, the calculated number of events required for heat-induced cell killing was 39.8 Ϯ 4.7 ␥H2AX foci in H1299 cells.
Dependence of Heat-Induced Phosphorylation of H2AX on the Cell Cycle. H1299 cells were exposed to X-rays or heat (45.5°C) and then fixed 30 minutes after treatment. The cell cycle distribution and ␥H2AX content were assayed by flow cytometry. Typical histograms of radiation-or heat-induced phosphorylation of H2AX are shown in Fig. 3A . Straight lines fit well to curves for the mean ␥H2AX intensity of cells treated with X-rays or heat versus dose or time (Fig. 3B) . When G 1 , S and G 2 -M phase cells were analyzed independently for expression of ␥H2AX, the slopes of the dose-response curves were 55.7 Ϯ 1.1 (r ϭ 0.998), 70.7 Ϯ 0.2 (r ϭ 0.999), and 83.1 Ϯ 0.5 (r ϭ 0.999), respectively. Phosphorylation of H2AX in X-ray-irradiated cells increased depending on the DNA content in the cell. The slopes of the heating time-response curves in G 1 , S and G 2 -M phase Cell Cycle Dependence of Heat-Induced ␥H2AX Foci Formation and Cell Killing. To clarify the cell cycle dependency of heatinduced ␥H2AX foci formation and cell killing, H1299 cells were synchronized at mitosis. The cell cycle phase distributions after plating synchronized mitotic cells are shown in Fig. 4A . When H1299 cells were heated at 45.5°C at different cell cycle phases, a linear increase in ␥H2AX foci formation was observed in a heating timedependent manner (Fig. 4B) Fig. 5D , and the two curves for the rate constants appear similar. From these results, the calculated number of events required to initiate cell killing in H1299 cells with heat was 36.1 Ϯ 3.7.
Relationship between Thermotolerance and Heat-Induced ␥H2AX Foci Formation. To clarify the relationship between thermotolerance and heat-induced ␥H2AX foci formation, H1299 cells were conditioned by preheating at 45.5°C for 5 minutes and then incubated at 37°C for various intervals. After H1299 cells were heated at 45.5°C for different periods, a linear rate of ␥H2AX foci formation was observed in a heating time-dependent manner (Fig. 5A) . The slopes [␥H2AX foci/heating period (min Ϫ1 )] after preheating were 2.21 Ϯ 0.02 (r ϭ 1.000) at 1. 
DISCUSSION
Heat-Induced ␥H2AX Focus Formation Is Dependent on Double-Strand Breaks. In this study, heat-induced DSB formation was observed using the neutral comet assay with SYBR Green (Fig.  1) . Heat-treated (45.5°C, 60 minutes) cells and X-ray-irradiated (10 Gy) cells showed the same comet tail moments. Using conventional physical methods, many investigators have also demonstrated that heat induces DNA strand breaks (8 -10) . Because these methods indicated that the efficiency of DSB detection was low, it was necessary to use high-dose radiation or prolonged heat treatment to detect DSBs. On the other hand, it was reported that the formation of ␥H2AX foci was a sensitive and specific marker for the existence of a DSB (12, 13) . Using an immunofluorescence technique with anti-␥H2AX antibody, ionizing radiation-induced ␥H2AX foci formation and heat-induced ␥H2AX foci formation were observed (Fig. 1D) . The number of ␥H2AX foci increased rapidly and reached a maximum 30 minutes after heat treatment and 30 minutes after X-ray irradiation (Fig. 1F) . A linear increase in the number of ␥H2AX foci was observed to form in a heating time-dependent manner (Fig. 1E) . The heating time-dependent phosphorylation of H2AX was also confirmed by Western blotting (Fig. 1C) and flow cytometry (Fig. 3B) . The relationship between tail moment and ␥H2AX foci induced by heat treatment or X-ray irradiation was also in good accord with a previous report showing that heat-treated (45.5°C, 30 minutes) cells and X-ray-irradiated (5 Gy) cells showed the same extent of DSB formation (11) . One possibility is that heat-induced ␥H2AX foci formation results from changes in the structure of chromatin. However, it has been reported that chromatin-modifying treatments (hypotonic conditions, exposure to chloroquine or tricostatin A) failed to induce ␥H2AX foci formation (17) . These results suggest that ␥H2AX foci formation may be dependent on the induction of a DSB by heat treatment or X-ray irradiation. Although Dikomey (9) detected DNA strand breaks only at temperatures above 45°C, the data reported here show it is possible to detect DSBs generated by heating above 41.5°C using a highly sensitive immunofluorescence assay ( Fig. 2A) .
The possibility that heat could induce DSB formation has also been supported by previous studies, in which heat and low pH, as well as genotoxic stresses (ionizing radiation and DNA-damaging agents), up-regulated a tumor suppressor protein (p53) in human glioblastoma cells (16, 18) . Recently, low pH has been reported to induce DSBs through topoisomerase II activation (19) .
Heat-Induced Cell Killing Is Associated with Double-Strand Break Formation. It has been accepted that heat-induced cell killing is not dependent on the formation of DSBs, although X-ray-induced cell killing is dependent on DSBs. This conclusion is based on results showing that there was no correlation between thermosensitivity and radiosensitivity (11) or between cell cycle-dependent heat-and X-ray-induced cell killing (20) .
If heat and X-rays induced the same numbers of DSBs, heat-and X-ray-induced cell killing would be expected to show the same kinetics. However, heat-induced cell killing was more efficient than X-ray-induced cell killing. These observations were considered to be evidence to indicate that heat-induced cell killing was caused by mechanisms other than DSBs, the mechanism by which X-rays induce cell killing (11) . Therefore, DSBs were not regarded as an important factor in heat-induced cell killing. In H1299 cells, it was also found that heat-induced cell killing was about two times more effective than X-rays (data not shown). A possibility was that this difference in cell killing kinetics might have been caused by cellular repair of DSBs. It is known that repair enzymes for DSBs are heat sensitive. The residual ␥H2AX foci are considered to reflect persistent unrepaired DNA damage. The observations reported here indicate that more ␥H2AX foci remain in heat-treated cells than in X-ray-irradiated cells (Fig.  1F) .
Because DSB formation from prolonged heat treatment did not occur in a time-dependent manner (Fig. 1B) , it was difficult to correlate cell death with an event responsible for heat-induced cell killing; possibly because of the high rate of cell death, DSB formation did not occur or was not observed to occur in a time-dependent manner. In contrast, heat-induced cell killing may be caused by DSBs during a shorter period of heat treatment (when there is a time- dependent formation of ␥H2AX foci). Interestingly, there was an inflection point at 42.5°C in the Arrhenius plot of cell killing and ␥H2AX foci formation (Fig. 2C) . Also the thermal activation energies of both cell killing and foci formation were almost the same above and below the inflection point. From this result, it was inferred that the number of ␥H2AX foci determines temperature-dependent cell killing. The activation enthalpy for cell killing was also reported to be similar to that of protein denaturation (5), such as DNA polymerase ␤ (21). Therefore, it is possible that heat may induce DSBs through protein denaturation. Collectively, these results strongly support the notion that DSBs might contribute to temperature-dependent cell killing.
As shown in previous reports (20) , more cells were killed when cells were heated at S phase than at G 1 or G 2 phase (Fig. 4B) . On the other hand, more cells were killed when cells were irradiated during G 1 to early S phase than during late S phase to G 2 phase (20) . Such a relatively flat response of radiosensitivity throughout the cell cycle was also reported to be observed in a mammalian cell line deficient in homologous recombination (HR) repair (22, 23) . Thus, the mechanisms of cell cycle-dependent cell killing by ionizing irradiation might be due to the activity of DSB repair because the HR repair pathway functions after a pair of sister chromatids are generated by DNA replication (23) . However, the mechanisms of cell cycle-dependent cell killing by heat are still unknown. It was reported that there was heat-induced chromosomal damage (24) and DSB formation (11) only at S phase. These phenomena were understood to indicate that heatinduced cell killing was caused by mechanisms other than DSB formation. Using the highly sensitive detection system of immunofluorescence techniques with anti-␥H2AX antibody to detect DSBs, we found ␥H2AX foci formed not only at S phase but also at G 1 and G 2 phase and that more ␥H2AX foci were formed when cells were heated at S phase than at G 1 or G 2 phase (Figs. 3 and 4A) . We found that the cell cycle-dependent patterns of the rate constant (min Ϫ1 ) between 1/T 0 and foci formation of ␥H2AX induced by heat were quite similar (Fig. 4D ). This result strongly supports the notion that DSB formation might contribute to cell cycle-dependent cell killing by heat.
Although ATM-mutated cells were more sensitive to killing by ionizing radiation, both normal and ATM-mutated cells showed similar cell killing efficiencies in response to heat alone (25) . On the other hand, it was reported that low concentrations of wortmannin (10 mol/L) sensitized cells to hyperthermia (26) , and DNA-PKcs-deficient scid mouse cells were highly sensitive to killing by heat (27) as well as by X-rays. These contradictory results could be explained if the relevant repair pathway in heated cells was not HR repair, but nonhomologous end joining repair. The ␥H2AX foci colocalize in the nucleus with DNA repair and checkpoint proteins, including 53BP1, Nbs1, Mre11, Rad50, Rad51, and BRCA1 (28 -30) . H2AX-deficient cells are hypersensitive to ionizing radiation due to the failure to rejoin DSBs and lack formation of 53BP1, BRCA1, and Nbs1 foci (31, 32) . Recently, Bassing et al. (33) reported that H2AX was not required for nonhomologous end joining repair but was required for HR. In addition, in a DNA damage-sensing supercomplex (BRCA1-associated genome surveillance complex) containing HR-related proteins (34), heat was reported to cause translocation of Mre11 proteins from the nucleus to the cytoplasm (35) and a rapid disappearance of BRCA1 proteins (36) . Those reports also support the hypothetical explanation proposed above.
Possible Mechanisms of Heat-Induced Double-Strand Break Formation. It is possible to conclude that heat-induced ␥H2AX foci formation is the result of DSB formation through a cellular response. Although few DSBs were detected even at high temperatures (Ͼ60°C) with polymerase chain reaction methods, a linearity of DSB formation dependent on the heating period above or below 42.5°C was demonstrated in the present experiments. In the case of severe heat treatment, however, DSB formation reached a plateau at 45.5°C (Fig. 1B) , as shown in a previous report (11) . It is possible that because of the high rate of cell death, DSB formation did not occur in a time-dependent manner. When the cells were heated at 45.5°C for Ͼ30 minutes, heat-induced cell killing may not have been caused by DSBs. These results mean that heat might induce DSBs in in vivo cultured cells under physiologic conditions, but not during in vitro enzymatic reactions. In fact, it was reported that heat induces base modifications such as oxidative base damage (37), abasic DNA sites (38) , deamination of cytosine (39) , and other types of damage through free radical species such as oxygen species (37) and nitrogen species (40) . It was also reported that DNA synthesis enzymes such as DNA polymerase ␤ are heat sensitive compared with incision enzymes for base excision repair and/or nucleotide excision repair (21) . Therefore, it might be possible that heat indirectly induces nick formation through enzymatic repair processes. DSBs could then develop or appear when nicks form in close proximity to each other on both strands (1) . In the present study, the existence of an inflection point in heat-induced focus formation of ␥H2AXs (Fig. 2C ) was shown. In addition, a preheat treatment led to heat-induced thermotoleranace (Fig. 5B) . It was confirmed that the number of ␥H2AX foci was reduced in preheated cells later treated with a challenging heat exposure (Fig. 5) . From these results, it is suggested that heat induces DSB formation through the denaturation and dysfunction of heat-labile repair proteins such as DNA polymerases. In fact, previous reports indicated a positive correlation between thermal tolerance for heat killing and heatinduced loss of DNA polymerase ␤ activity in the cells (41, 42) . It is also hypothesized that a nick is converted to a DSB at a DNA replication fork. Thus, ␥H2AX foci might accumulate more readily when cells are heated at S phase than when cells are heated at G 1 or G 2 phase (Figs. 3 and 4) .
In conclusion, it is proposed that heat-induced cell killing might be dependent or associated with DSB formation in mammalian cells.
